Introduction Cardiac tamponade is a rare but life-threatening complication during atrial fibrillation (AF) catheter ablation. Contact force (CF)-sensing catheters improve ablation effectiveness. However, the impact of the application of CF-sensing catheters on the occurrence of cardiac tamponade remains unclear. The aim of this study is to evaluate the Breal-world^impact of CF-sensing catheters on cardiac tamponade during AF ablation in an experienced medical center.
Introduction
Cardiac tamponade is a rare but life-threatening complication during catheter ablation for atrial fibrillation (AF) [1, 2] ; the incidence of cardiac tamponade is 1.2-1.31% in worldwide surveys [3, 4] . Urgent pericardiocentesis is often performed; occasionally surgical repair is needed. Cardiac tamponade is the leading cause of perioperative death for AF ablation [5] . It is still a challenge in clinical practice to prevent the occurrence of cardiac tamponade during the ablation procedure despite advances in devices and ablation strategies.
In recent years, contact force (CF)-sensing catheters have been widely adopted in AF ablation. They provide the operator with real-time monitoring of contact pressure between the ablation catheter tip and cardiac tissue. Proper catheter pressure enhances ablation efficiency, increases transmural injury, and reduces recovery of electrical conduction between the pulmonary vein and the left atrium, therefore significantly improving the success rate of the procedure [6] . It is well appreciated that ablation with high CF can cause myocardial perforation and increase the possibility of steam pop, resulting in cardiac tamponade [7] ; therefore, theoretically monitoring CF during AF ablation would decrease the occurrence of cardiac tamponade. Due to the very low incidence of cardiac tamponade, previous studies were not powered to demonstrate whether or not the application of CF-sensing catheters in clinical practice would reduce the incidence of cardiac tamponade, as they enrolled a small number of patients [8, 9] . In the present study, we attempt to address this issue by analyzing the data from an experienced center with a high volume of AF ablation cases.
Methods

Study population
The study was a retrospective investigation of consecutive patients who underwent de novo radiofrequency ablation of AF at Beijing Anzhen Hospital from January 2013 to December 2016. Paroxysmal AF (PAF) was defined as sustained AF of less than 7 days. Persistent AF (PerAF) was defined as continuous AF that was sustained beyond 7 days. Patients were excluded if they had combined AF catheter ablation and left atrial appendage closure. This study was approved by the ethics committee of Beijing Anzhen Hospital. Written informed consent was obtained from all patients.
Periprocedural anticoagulation
An uninterrupted warfarin approach was routinely used in our practice. Low molecular weight heparin (LMWH) was administrated at 1 mg/kg q12h for patients with INR < 2 or without oral anticoagulants. The superior, accepted INR value should be less than 3. Patients with INR > 3 received a reduced dose of warfarin or discontinued warfarin, and the ablation was postponed 1-2 days until the INR was < 3. Patients on novel oral anticoagulants (NOACs) discontinued these 24-48 h before the procedure and were administered LMWH at 1 mg/kg q12h. The last dose of LMWH was given the night before the procedure. During the process, an intravenous heparin bolus of 100 IU/kg was administered after the transseptal puncture, followed by hourly injections of 1000 IU heparin, to maintain the activated clotting time (ACT) at > 300 s. Post-procedure anticoagulants were recommenced 6-8 h later.
Ablation procedure
After overnight fasting, the procedure was performed with patients under conscious sedation with fentanyl and midazolam. A deflectable decapolar catheter was positioned in the coronary sinus (CS). After a single successful transseptal puncture, a non-CF-sensing (NAVISTAR® THERMOCOOL® Catheter TC, Biosense-Webster, Inc., Diamond Bar, CA, USA) or CFsensing (ThermoCool® SmartTouch® Catheter ST, BiosenseWebster, Inc.) catheter was advanced to the left atrium for mapping and subsequent ablation that was guided by a threedimensional electroanatomic mapping system (CARTO, Biosense-Webster, Inc.). Radiofrequency (RF) energy was delivered with a maximum temperature of 43°C, a power up to 35 W, and a flow rate of 17 ml/min. When ablating inside the CS, the maximum power was decreased to 25 W while the flow rate was increased to 30 ml/min. At each site, the ablation time was no more than 30 s. The optimal force for the CF-sensing catheter during the procedure was about 10-20 g with the alarm cutoff set at 25 g.
Circumferential pulmonary vein ablation (CPVA) was performed for patients with paroxysmal AF with complete electrical isolation of the pulmonary vein (PV) antrum as the endpoint. A fixed approach, the B2C3L^strategy, was adopted for patients with persistent AF [10] . Briefly, after initial CPVA, linear ablation was empirically applied across the mitral isthmus (MI), the left atrial (LA) roof, and the cavo-tricuspid isthmus (CTI). The procedural endpoint of this strategy was the isolation of the PV antrum and complete conduction block across the three ablation lines. Once regular atrial tachycardia occurred during the procedure, activation and entrainment mapping were performed to define the underlying mechanisms and the critical site for ablation. The procedure was performed by one transseptal crossing and single-catheter technique. At the end of the procedure, a circular mapping was introduced into the pulmonary veins to confirm PV isolation. Intracardiac echo was not used during the procedure. Very few cases with a long CTI were ablated with deflectable sheaths. There were nine operators with a yearly AF ablation volume of > 200 cases in this study.
The non-CF-sensing catheter was used in our center from January 2013 to October 2014. The time between November 2014 and March 2015 was a transition period from the non-CFsensing catheter to the CF-sensing catheter. Since March 2015, all procedures were performed with the CF-sensing catheter.
Diagnosis and management of cardiac tamponade
The patients' vital signs were closely monitored during the procedure. Once patients had dyspnea, nausea, vomiting, vertigo, and a drop in systolic blood pressure to < 90 mmHg, cardiac tamponade was suspected. Pericardial effusion was confirmed by a non-pulsating cardiac border and an epicardial halo on fluoroscopy or an echocardiographic evaluation; acute cardiac tamponade was diagnosed. In patients with an unstable hemodynamic state, urgent fluoroscopy-guided pericardiocentesis as per the physician's discretion was performed by a subxiphoid approach. A pigtail catheter was placed in the pericardial space. Pericardial fluid was drawn out via the pigtail catheter, and retransfusion of the pericardial blood via a femoral venous sheath was performed. Protamine sulfate was administered to reverse heparin and vitamin K 1 was used to modify supratherapeutic INR if necessary. The drainage catheter was removed in the catheter lab when the hemodynamic status remained stable, and echocardiographic findings confirmed there was no recurrence of pericardial effusion. Once the patients had an unstable hemodynamic state, despite successful pericardiocentesis, urgent surgical repair was required as per the physician's discretion. Delayed cardiac tamponade was defined as hypotension or cardiogenic shock requiring pericardial drainage due to documented pericardial effusion occurring at least 1 h post-procedurally but attributable to the ablation procedure. The management of delayed cardiac tamponade was similar to that of acute cardiac tamponade, while the retransfusion of the pericardial blood was not recommended to the patients. LMWH was restored 12 h after removing the drainage catheters, then bridging to the resumption of warfarin or NOACs.
Statistical analysis
Data were analyzed using SAS Version 9.3 (SAS Institute, Cary, NC, USA). Continuous variables were summarized as the means with standard deviations and were compared using t tests. Categorical variables were reported as counts with proportions and were compared using chi-square tests or Fisher's exact tests. The Cochran-Armitage trend test was used to evaluate the time trend of cardiac tamponade based on its rates. The unadjusted and adjusted odds ratios (OR) and 95% confidence intervals (CI) were calculated using Firth's biasreduced logistic regression analysis to evaluate the risk of cardiac tamponade associated with the use of the CF-sensing catheter. Covariates used in the multivariate model included age, sex, AF type, comorbid conditions, oral anticoagulant use, left atrium dimension, ejection fraction, procedure duration, and ablation duration; left atrium dimension, ejection fraction, procedure duration, and ablation duration were categorized as dichotomous variables in the model. Sex, AF type, oral anticoagulant use, left atrium dimension, ejection fraction procedure duration, and ablation duration were reported to be likely associated with the occurrence of cardiac tamponade, and stratified analyses were also conducted. A two-sided P value < 0.05 was considered significant.
Results
Patients' characteristics
In this study, 5313 patients were enrolled and evaluated. Two thousand five hundred one patients were in the non-CF group, and 2812 patients were in the CF group. The demographic and clinical characteristics of the patients in the two groups are given in Table 1 . Compared with the non-CF group, the CF group had more persistent AF, coronary heart disease, heart failure, prior stroke, oral anticoagulant use, enlarged left atrium, reduced ejection fraction, longer procedure duration, and longer ablation duration.
Characteristics of patients with cardiac tamponade
Cardiac tamponade occurred in 41 cases (0.77%), and none of them died. No tamponade occurred during transseptal maneuver or CS catheter placement. Tamponade occurred in one patient during the electroanatomic reconstruction of the left atrium using the non-CF-sensing catheter before ablation. The CF group had a significantly higher incidence of cardiac tamponade compared with the non-CF group (0.44% vs. 1.07%, P = 0.009). Table 2 shows the characteristics of patients with cardiac tamponade in the non-CF group and the CF group. In the non-CF group, 45.45% of cardiac tamponade cases were delayed compared with 10% in the CF group (P = 0.011). One patient with cardiac tamponade in the CF group required urgent surgery repair while none in the non-CF group.
Time trend of cardiac tamponade
From 2014 to 2016, the annual incidence of cardiac tamponade was 0.27%, 0.56%, 1.03%, and 1.06%; the Cochran-Armitage trend test showed a significant difference (P = 0.005). There was no significant difference in the incidence of cardiac tamponade between 2015 and 2016 in the CF group (P = 0.989).
Risk of cardiac tamponade with the CF-sensing catheter
Univariate logistic regression analysis showed that the CFsensing catheter increased the risk of cardiac tamponade (OR = 2.37, 95% CI = 1.20-4.69, P = 0.013). After adjusting for sex, paroxysmal AF, hypertension, diabetes, coronary heart disease, pacemaker, heart failure, prior stroke, oral anticoagulant use, left atrium dimension, ejection fraction, procedure duration, and ablation duration, multivariate logistic regression analysis still showed that the CF-sensing catheter increased the risk of cardiac tamponade (OR = 2.34, 95% CI = 1.17-4.26, P = 0.015; Table 3 ). Then, stratified analyses were conducted based on sex, oral anticoagulant use, left atrium dimension, ejection fraction, procedure duration, and ablation duration, which were considered to influence the occurrence of cardiac tamponade. Female sex and oral anticoagulant use did not increase the risk of cardiac tamponade with non-CF-sensing catheter ablation, while CF-sensing catheter ablation significantly increased the risk of cardiac tamponade in individuals with a smaller left atrium dimension, lower ejection fraction, longer procedure duration, or longer ablation duration (Table 4) .
Discussion
The present study demonstrated that the CF-sensing catheter did not decrease the incidence of cardiac tamponade in AF ablation. Multivariate regression analysis showed that the CFsensing catheter increases the risk of cardiac tamponade during the ablation procedure.
There is an association between the occurrence of cardiac tamponade and the experience of hospitals and operators. Deshmukh et al. analyzed 93,391 cases of atrial fibrillation catheter ablation in the USA between 2000 and 2010; the annual operation volume of hospitals (< 50 cases) and the surgery year (< 25 cases) were associated with severe complications of AF catheter ablation [11] . The study by Bollmann et al. also confirmed the volume-outcome relationship in AF ablation [12] . In the present study, the yearly AF ablation volume of the operator was > 200 cases, and the incidence of cardiac tamponade in the non-CF group was 0.44%, which was much lower than that in a global survey conducted by Cappato et al. in the era of non-CF-sensing catheters [3, 4] . Thus, our data may be representative of experienced AF ablation centers in the real world. Animal studies and clinical studies have clearly demonstrated that the contact force between the catheter tip and cardiac tissue is related not only with the extent of lesions but also with the occurrence of some serious complications, such as cardiac perforation. Perna et al. reported that a contact force > 77 g could directly produce a perforation of the atrial wall in a swine model and ablation reduced the perforating force by 23% [13] . Di Biase et al. systemically explored the relationship between catheter forces, steam Bpopping,^and crater formation using an irrigated catheter. They found that using a pressure of 20-30 g, a power of 45 W, and an ablation time of 40 s caused Bpopping^and crater formation in 33.3% of ablation sites, while none of the sites developed these conditions when 10 g of pressure was used [14] . The study by Ikeda et al. obtained similar data [7] . In another investigation of AF patients, Makimoto et al. demonstrated that CF was closely associated with crater formation at the tip of the catheter and suggested that CF should be controlled to < 25 g to reduce serious complications [15] .
There is growing evidence that the utilization of the CFsensing catheter during AF ablation significantly improves AF ablation success rate as compared with the traditional non-CFsensing catheter; thus, the CF-sensing catheter has been widely and quickly adopted in many medical centers, as well as in our center. The occurrence of cardiac tamponade is associated with CF between the catheter tip and atrial tissue; it is enthusiastically believed that the application of CF-sensing catheters would lower the incidence of cardiac tamponade in the AF ablation procedure. Initial studies have demonstrated that CFsensing catheters did not increase perioperative complications compared with non-CF-sensing catheters. Since the incidence of cardiac tamponade is very low, those studies are not powered to demonstrate the safety of CF-sensing catheters in preventing rare complications during the procedure. For example, in the TOCCASTAR study, one case of cardiac tamponade occurred in each group [9] , while all four cases of cardiac tamponade in the SMART-AF study happened in the CF-sensing catheter group [8] . In the present study, the CF group had a higher incidence of cardiac tamponade compared with the non-CF group. The transition period from the non-CF-sensing catheter to the CF-sensing catheter is during October 2014 to February 2015; we observed a significant increase in cardiac tamponade during the study period. There was no significant difference in the occurrence of cardiac tamponade between 2015 and 2016; therefore, the impact of the learning curve of the CF-sensing catheter was excluded [16] . The patients in the CF group had more comorbid conditions, such as coronary heart disease, heart failure, and prior stroke; moreover, the procedure duration and the ablation duration were longer in the CF group than in the non-CF group. Subsequently, multivariate regression analysis showed that the CF-sensing catheter still increased the risk of cardiac tamponade. Yang et al. analyzed 1475 cases of AF ablation in Johns Hopkins Hospital over 12 years; the incidence of cardiac tamponade was 1.1%, and the CF-sensing catheter did not reduce the occurrence of cardiac tamponade [17] . Hamaya et al. reported that the incidence of cardiac tamponade in the CF group was higher than that in the non-CF group (2.1% vs. 1.3%) from 1815 patients with paroxysmal AF undergoing catheter ablation, while there was no statistical difference [18] . A prospective study by Akca et al. found that cardiac tamponade only occurred in the non-CF group (3.3%) and none in the CF group [19] , which was not in agreement with our study. The incidence of cardiac tamponade in Akca et al.'s study was much higher than that in worldwide surveys, and the annual case of AF ablation was less than 100, so we speculate a discrepancy in AF ablation cases between the two studies.
There is an imbalance between the baseline characteristics of the non-CF group and the CF group. The cases in the CF group had more PerAF, a larger left atrium, and a higher rate of use of oral anticoagulants. Apparently linear ablation in PerAF, a thinner left atrial wall, a higher rate of anticoagulant use, a longer procedure duration, and a longer ablation duration in the CF group would increase the propensity for the occurrence of cardiac tamponade. These confounding factors would be a potential bias. Next, we performed the stratified analyses in the subgroups. Cardiac tamponade was compatible between the non-CF group and the CF group in the subgroup of PerAF; in addition, oral anticoagulant use did not increase cardiac tamponade, which is consistent with previous observations [20] . Interestingly we did observe that there was more cardiac tamponade in the CF group in the subgroup of patients with a smaller left atrium, longer procedure duration, or longer ablation duration. Since all cardiac tamponade cases happened after the transseptal puncture, we speculated that it is likely that the increased number of cardiac tamponade events in the CF group is associated with the catheter manipulation.
It is interesting to note that 45.45% of cardiac tamponade events in the non-CF group were delayed; on the contrary, only 10% were observed in the CF group. The global survey conducted in the era of non-CF-sensing catheters showed that hospitals with an annual volume of > 299 cases are more prone to delayed cardiac tamponade [21] , which is consistent with our observation. One case with cardiac tamponade in the CF group required urgent surgical repair, but none in the non-CF group. Therefore, our data is likely to indicate that cardiac tamponade induced by the CF-sensing catheter is more urgent compared with that by the non-CF-sensing catheter. The optimal CFs were targeted between 10 and 20 g with a cutoff CF of 25 g in the present study. Therefore, excessive CF-induced cardiac tamponade was extensively excluded, while we did not observe an improvement in cardiac tamponade after application of the CF-sensing catheter. We propose the following interpretations: (1) Although CF is a critical factor for cardiac tamponade, the occurrence of cardiac tamponade is the result of an extensive interaction among CF, ablation power, time, temperature, and impedance; therefore, all the above parameters should be carefully monitored during the ablation procedure [22] . (2) In the stratified analyses, the patients with a smaller left atrium dimension had a greater risk of cardiac tamponade during the ablation procedure with the CF-sensing catheter. Given the facts that the tip of the CFsensing catheter is stiffer compared to that of the non-CFsensing catheter and CF measurements are sampled every 50 ms and calibrated to produce a contact force reading that is averaged over 1 s [8] , cardiac tamponade is likely to be associated with the manipulation of the CF-sensing catheter, and instant CF may be excessive to cause cardiac perforation. (3) Operators using the CF-sensing technology to target optimal CF may ablate longer and with greater force than those using the non-CF-sensing catheter [23] ; increased energy delivery with CF-sensing catheter-guided ablation might increase the risk of cardiac tamponade, which seems to be consistent with the fact that few delayed cardiac tamponade cases occurred in the CF group.
Study limitation
The most important limitation of our study was its retrospective and observational design. There was no data on audible steam pop, the possible location of the perforation, and the exact CF during the procedure. The imbalance between baseline characteristics of the two groups was another limitation. The propensity-matched cases in the two groups may eliminate the bias of these confounding factors. This study may be not powered to address the issue because of the low incidence of cardiac tamponade despite the large sample size in the present study. Additionally, the present study came from an experienced center and operators, so it is still questionable whether CF-sensing catheters would increase cardiac tamponade in medical centers with a low volume of cases.
Conclusion
Cardiac tamponade is a rare but life-threatening complication during catheter ablation for AF. In this retrospective study from an experienced center, unexpectedly, our data show that Publisher's note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
